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We present here a study on the modiﬁcation of morphological and plasmonic properties of Ag thin
ﬁlms deposited on glass substrates upon annealing in air at different temperatures. Initially, Ag ﬁlms
are continuous and exhibit extended surface plasmons with a resonant absorbance that depends on
the ﬁlm thickness. The dewetting process promotes the formation of nanoparticles with different
sizes, shapes, and agglomerations states, besides a partial oxidation from Ag to AgO at surface
level. The ﬁnal Ag-AgO nanostructures are dependent on the annealing temperature and initial ﬁlm
thickness. The optical properties evolve from those typical of metallic ﬁlms with high reﬂectivity
and extended surface plasmon resonance toward localized surface plasmons characteristic of nano-
particles. The optical evolution and the ﬁnal plasmonic response are evaluated according to the mor-
phological and structural features of nanostructures. Published by AIP Publishing.
https://doi.org/10.1063/1.5049651
I. INTRODUCTION
Silver and silver oxide nanostructures in the form of
thin ﬁlms or nanoparticles (NPs) are interesting for both
fundamental and applied purposes. The electronic conﬁgu-
ration of Ag yields a very weak damping of the conduction
electrons leading to notable optical properties. For example,
Ag ﬁlms are ideal for the fabrication of optical mirrors
exhibiting a larger reﬂectivity that any other metal in the
spectral range from 400 nm to the full IR region.1 They also
exhibit very intense extended surface plasmon resonance
(ESPR) with a local ampliﬁcation of the electric ﬁeld of the
light up to 80 times the incident light intensity.2 Silver
oxide ﬁlms are potential candidates as electrode materials
for supercapacitor applications due to their conductivity
being signiﬁcantly larger than other transition metal
oxides.3 Ag NPs exhibit the most intense localized surface
plasmon resonance (LSPR) that make them useful for bio-
markers, photovoltaics, or surface-enhanced Raman spec-
troscopy (SERS).4–8 In addition, silver and silver oxide NPs
can be used for antibacterial and catalytic applications.9–12
Even combined NPs-ﬁlm systems such as the NPs-ﬁlm-gap
conﬁguration based on Ag are also quite attractive since
they can be adopted as an interesting tool in the typical ana-
lytical ﬁelds, offering high near-ﬁeld enhancements for
SERS or other plasmonic sensing.13,14 Consequently, the
control of Ag nanostructures in the whole range from con-
tinuous thin ﬁlms to NPs results quite appealingly in a large
number of ﬁelds.
A well-known method to transform a noble metal ﬁlm
into NPs is the solid-state dewetting process, where annealed
metallic thin ﬁlms dewet to form islands.15,16 During the
transformation, a series of modiﬁcations in metal ﬁlms are
induced: formation of hillocks or strain-free extrusions,
growth of holes within the ﬁlm, and agglomeration of islands
leading to a discrete structure.17–22 This manufacturing process
allows covering the whole path between a continuous ﬁlm and
three-dimensional nanostructures, and therefore, tuning the
morphology and the optical features such as surface plasmons
(SPs) to optimize a particular property. The fabrication of Ag
nanostructures by thermal annealing of thin ﬁlms has been
reported in diverse works controlling parameters such as the
annealing temperature, the annealing time, and the deposition
amount, evaluating even the ﬁnal SERS response.19,20,23,24
In a previous work, we analyzed the morphological and
optical transitions from continuous ﬁlms to discrete nano-
structures for the case of Au ﬁlms treated thermally at differ-
ent temperatures.21 Here, we extend the study to Ag with
the highest extinction cross section coefﬁcient associated
with the excitation of SPs and showing SERS enhancement
factors of 105.2,25,26 Moreover, the fact that Ag can suffer
some degree of oxidation upon annealing in air leads to a
richer phenomenology in the plasmonic evolution that is ana-
lyzed in the present manuscript.
II. EXPERIMENTAL METHODS
Ag ﬁlms were deposited onto sodalime glass substrates
by electron-beam evaporation with a MANTIS QUAD-EC
evaporator mounted on a home-made vacuum chamber. Prior
to deposition, sodalime substrates were cleaned using soap
and water and then dried with dry air ﬂux. Ag ﬁlms were
grown using Ag wire (99.99% purity, 0.25 mm diameter),
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which was placed onto a Mo crucible. The wire was initially
melted prior to the evaporation. Substrates were placed at
15 cm from the evaporator. The base pressure during evapora-
tion was 10−6 Torr. Samples with thicknesses ranging from 10
to 50 nm were obtained by varying the evaporation time. Ag
ﬁlm thickness was controlled by a quartz crystal microbalance
which was previously calibrated using X-ray reﬂectometry.
The thickness of the thin ﬁlms was also determined for
simulating extended surface plasmon (ESP) curves of
as-grown Ag ﬁlms by using the software Winspall version
3.02, a freeware to calculate and simulate SPR spectra with
great accuracy.27 This code is based on the Fresnel equations,
including the correction of both reﬂection and refraction of
the coupling prism. Fits were performed using 500 iterations,
with the Ag ﬁlm thickness being a free parameter and ﬁxing
the dielectric permittivity to ε1 = −18.295 and ε2 = 0.48085
(at λ = 633 nm, according to Johnson and Christy28). Table I
shows the nominal and calculated thicknesses of as-grown
Ag ﬁlms selected.
Thermal annealing process of Ag ﬁlms was performed
in air in three steps: (a) an initial stage of 2 h where sample
temperature was gradually increased from room temperature
(RT) to the target temperature, (b) 10 min at constant temper-
ature, and (c) a last cooling stage where the temperature grad-
ually decreased until the sample reached RT. The target
temperatures were 300 °C, 400 °C, and 500 °C.
The morphology of samples was analyzed by scanning
electron microscopy (SEM), confocal optical microscopy
(COM), and atomic force microscopy (AFM) at RT. SEM
images were taken with an S-4700 Hitachi instrument at 20
kV, and COM and AFM images were obtained with a WITec
ALPHA 300RA, where the AFM is coupled to the confocal
microscope. COM images were measured in reﬂected mode,
while the AFM images were taken in non-contact mode and
using silicon tips (with a resonant frequency of 200–300
kHz). Under the best measurement conditions, the optical
resolution of the confocal microscope is about 350 nm. The
morphological features of samples were examined by using
the software ImageJ. Raman measurements were collected
using the confocal Raman microscope (CRM) WITec
ALPHA 300RA. The measurements were performed at RT
with a Nd:YAG laser (532 nm) linearly polarized. Raman
spectra were recorded in the spectral range 0–1100 cm−1. In
order to prevent any damage to the samples, laser excitation
power was ﬁxed at 0.4 mW. Collected spectra were analyzed
by using WITec Control Plus software.
ESPR was measured in the attenuated total reﬂectance
(ATR) mode in Kretschmann-Raether conﬁguration with a
home-made device described elsewhere.21,22 Optical absorp-
tion spectra in transmission mode were collected with an
UV–VIS-NIR Shimadzu 3100 double-beam spectrophotome-
ter equipped with an integrating sphere. Spectra were
recorded at RT from 200 to 800 nm with 0.5 nm spectral
resolution.
III. RESULTS AND DISCUSSION
A. Morphological properties
Figure 1 shows the SEM images for samples with three
different initial thicknesses. As-grown samples form a contin-
uous polycrystalline ﬁlm formed by grains with a size up to
200 nm irrespective of the ﬁlm thickness.
Annealing in air induces the formation of holes, their
percolation, and appearance of elongated islands that ﬁnally
achieve rounded shape, in agreement with the previous
studies.17–22,29 The process is completed at a temperature
that depends on the initial ﬁlm thickness: the thicker the
initial ﬁlm, the larger the annealing temperature required to
complete the process. A representative scheme of the solid-
state dewetting mechanism for a Ag ﬁlm depending on the
annealing temperature and the ﬁlm thickness is presented in
Figs. 1(m) and 2(e), respectively.
The morphological analysis of the nanostructures was
completed by using COM and AFM, which conﬁrmed the
morphology and sizes provided by SEM, offering additional
information about height distribution of the islands. Examples
are shown in Fig. 2 for samples A and C annealed at 300 °C.
Noble metal thin ﬁlms grown on oxide substrates exhibit
a Volmer-Weber growth, and their morphological modiﬁca-
tions upon annealing have been studied for a long
time.21,29–32 When increasing the temperature, the difference
in the thermal expansion coefﬁcient between the substrate
and the metallic ﬁlm induces mechanical interface stress that
increases the surface and interfacial energies. These energies
are relieved by the activation of the dewetting process.15
Initially, the inhomogeneous stress distribution at the ﬁlm/
substrate interface promotes the formation of hillocks. Higher
annealing temperature favors the appearance of holes and
their subsequent growth due to the surface diffusion and
grain growth.17,18,33 Finally, holes percolate leading to the
formation of islands. For sufﬁciently high annealing tempera-
tures, the surface coverage decreases and the islands tend to
modify their shape becoming more rounded, in order to
reduce their surface energy. It should be noted that at higher
temperatures, the evolution of NPs can be affected, in addi-
tion to the surface diffusion, by the sublimation process that
depends on the equilibrium vapor pressure increasing with
the annealing and time temperature.20 The ﬁnal morphology
of the nanostructures at the different stages of the process
depends on the initial ﬁlm thickness and the annealing condi-
tions such as annealing time and temperature.
The formation and growth of holes is easier for thinner
ﬁlms because the amount of material that must be displaced
to create a hole is lesser than for thicker ﬁlms. Therefore, the
process of formation of rounded nanostructures is achieved
easily (i.e., at lower temperatures) for thin ﬁlms as shown in
Fig. 1. Actually, for thinner ﬁlms, a larger number of holes
TABLE I. Nominal and calculated thickness of three selected Ag films
deposited on sodalime substrates. Nominal thickness was obtained from a
quartz crystal microbalance and calculated thickness was determined by
using the software Winspall.
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FIG. 1. [(a)–(l)] SEM images of Ag thin ﬁlms deposited onto sodalime substrates and annealed at different temperatures in air for three different initial thick-
nesses. (m) Schematic representation of the solid-state dewetting mechanism for a Ag ﬁlm increasing the annealing temperature (1→ 4).
FIG. 2. [(a) and (c)] COM and [(b) and (d)] AFM topographic images of sample A (13 nm) and sample C (42 nm) deposited onto sodalime substrates and
annealed at 300 °C in air. In COM images, bright green areas correspond to Ag, whereas dark areas correspond to the substrate. (e) Illustrative scheme showing
the ﬁlm thickness inﬂuence on the solid-state dewetting process for a Ag ﬁlm.
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nucleate and percolate leading to the formation of small
islands with limited size and height as Fig. 3 evidences. The
most signiﬁcant parameter for the size and the height of Ag
islands is the ﬁlm initial thickness. Regarding the fraction of
covered surface and the catchment area (∼d2, with d being
the mean inter-island distance),21,34 these parameters depend
mainly on the annealing temperature and do not depend so
signiﬁcantly on the Ag initial ﬁlm thickness (see Fig. 3).
Comparing these values with those reported for Au ﬁlm
with similar thickness range, we ﬁnd an analogous trend but
with some signiﬁcant differences, considering the discrep-
ancy in the annealing time for the preparation of both sets of
samples. In the previous work, Au ﬁlms were annealed for 3
h, while, here, Ag ﬁlms were treated for 10 min, since longer
annealing times (hours) promoted Ag removal from the sub-
strate. In the case of Ag ﬁlms, we ﬁnd that the island size
strongly decreases with the annealing temperature [Fig. 3(a)],
while for Au ﬁlm with similar thickness, the island size
showed a moderated increase. Moreover, considering the
island average height, the uncovered area, and the catchment
area, all three features are larger for Ag than for Au ﬁlms.
This behavior can be ascribed to the difference in
thermal expansion coefﬁcient (Au: 14.2 × 10−6 K−1, Ag:
19.5 × 10−6 K−1, and sodalime: 7.5 × 10−6 K−1),35,36 the acti-
vation energy between Ag and Au on glass substrate for the
process of surface diffusion, and the sublimation processes.
The values of activation energy reported for Ag on SiO2 are
higher than those for Au on SiO2,
37,38 indicating that under
the same conditions the process leads to the formation of a
smaller number of holes and consequently larger catchment
areas for the case of Ag ﬁlms annealed even for smaller
annealing time (note that the annealing time for Ag ﬁlms was
reduced to be 10 min instead of 3 h in the case of Au21). In
the morphological evolution of nanostructures, the sublima-
tion effect should be considered. Its rate depends on the equi-
librium vapor pressure, the annealing temperature, and the
molecular weight,20 resulting in a larger atoms loss at higher
temperature with the consequent decrease of island size,
density, and larger catchment areas for the case of Ag.
Another indicator of this is the difference in the thermal
expansion coefﬁcients between ﬁlm and substrate. In any
case, Ostwald´s ripening during the morphological evolution
of nanostructures cannot be discarded.
In addition, the Ag oxidation that is discussed below
may alter the kinetics of the process and consequently the
morphology and physical properties of ﬁnal nanostructures.
The effect of sample oxidation depends on surface to volume
ratio of Ag nanostructures and the annealing conditions (e.g.,
time and temperature), which has been evaluated by CRM.
In the case of as-grown thin ﬁlms, no Raman signal related
to Ag oxide was detected from the mapping of several
regions on samples. This result indicates a not signiﬁcant
oxidation of the ﬁlms (under the resolution limit of the exper-
imental system) in ambient air and/or during the Raman mea-
surements by the laser source. On samples annealed at 300,
400, and 500 °C, Raman spectra (Fig. 4 for sample C)
exhibit a band around 240 cm−1 attributed to the AgO
formed during the annealing process and that corresponds to
one of the stretching modes of Ag and O.25,39,40 However,
the Raman intensity of this vibrational mode was found to be
different depending on the location on the samples.
The oxidation level in Ag NPs was evaluated analyzing
false color images from the mapping areas on sample
surface. Integrating the elastic scattering band of laser source
at 0 cm−1 for each spectrum collected, in-plane intensity
Raman images [Fig. 4(b) for sample C annealed at 400 °C]
show regions in which the elastic scattering band is higher
corresponding to the more intense areas on optical image
[see Fig. 4(a)] related to Ag NPs. Constructing a false color
image with this signal and that related to the Raman band
around 240 cm−1 associated with AgO [see Fig. 4(c)], we
can observe that the oxidation signal is greater surrounding
the Ag NPs. However, although less intense, the Raman
band related to the AgO is also found on top of the Ag NPs.
Due to the spherical geometry of NPs, the effective thickness
of AgO at 2D projection of the NPs is higher on perimeter
than on center. Hence, we can consider that a Ag oxide layer
covering the Ag NPs is formed at surface level during the
FIG. 3. Morphological parameters of Ag thin ﬁlms as a function of initial ﬁlm thickness and annealing temperature: (a) island size, (b) island height,
(c) covered area, and (d) catchment area. Results have been derived from SEM and AFM images.
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annealing process, as already reported by Pal et al.,25 result-
ing in a passivation oxide layer that protects the metallic core
of the NPs and giving place to core-shell Ag-AgO
nanostructures.
As expected, the higher the annealing temperature, the
higher the degree of oxidation of the samples. As Fig. 4(e)
presents for sample C, a higher annealing temperature drives
a more intense and a shift toward larger wavenumbers of the
Raman band associated with the formation of AgO and so a
larger degree of oxidation of Ag NPs. For samples varying
the initial thickness, the Raman results were similar qualitatively.
B. Optical properties
Optical measurements evidenced a progressive transition
from extended to localized surface plasmon in the samples as
the process of nanostructuration takes place. Here, we evalu-
ate the plasmonic evolution from the continuous Ag thin
ﬁlms to Ag-AgO nanostructured systems, which has not been
previously reported.
ESPR curves of the different samples are presented in
Fig. 5. As-grown samples exhibit a SPR curve in agreement
with the spectra calculated for Ag ﬁlm with similar thicknesses
(see Figs. 5 and 6). As the thickness of Ag ﬁlm increases,
ESPR curve becomes narrower and it shifted toward lower
incident angles. The resonance is maximum for the as-grown
sample C with attenuation over 90% of the incident light
intensity. As the ﬁlm becomes thinner, the destructive interfer-
ence between the incident and backscattered beam induces a
more signiﬁcant damping of the ESPR leading to wider and
weaker attenuation peaks. Mismatches between calculated and
measured ESPR curves (i.e., resonant curve intensity and/or
widening) can be associated with damping effects due to the
surface roughness of the Ag ﬁlms.2,21,22
Abrupt changes in the resonant curves are detected for
annealed samples with respect to the as-grown samples: the
FIG. 4. (a) COM image of sample C (42 nm) deposited onto sodalime substrate and annealed at 400 °C in air. (b) XY Raman intensity image integrating
the elastic scattering and (c) integrating the elastic scattering (red color) and the Raman band around 240 cm−1 related to AgO (blue color), from mapping the
region marked with a blue square on COM image. (d) Raman spectra of 2 points marked on Raman image c and on tilted SEM image in the inset, showing
the different Raman signal on top and around the Ag NPs. (e) Raman spectra of sample C (42 nm) in ﬁlm form and annealed at different temperatures.
FIG. 5. ESPR curves measured in the ATR mode (Kretschmann-Raether conﬁguration) for the Ag ﬁlms (a) A (13 nm), (b) B (32 nm), and (c) C (42 nm),
as-grown and annealed at different temperatures.
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larger the annealing temperature, the more pronounced the
decrease of the SPR intensity and the wider the SPR reso-
nance curve. These results agree with morphological analysis
(see Figs. 1 and 2). ESPR band is observed only for sample
C annealed at 300 °C that exhibits the most continuous struc-
ture, while resonant curve is almost inappreciable or not
observed for the case of annealed samples with isolated
nanostructures exhibiting dimensions smaller than ESPR
wavelength.
As mentioned above, annealed samples are partially oxi-
dized to AgO during the annealing treatment, which alters
the SPR features. The dielectric constant of AgO is 6.25,41
larger than that of air. This effect may be noted in the ESPR
curves, giving rise to an extra shift of the SPR toward larger
angles and a wider and weaker SPR resonance curve.2,22
Figure 7 presents optical absorption spectra of samples
evaluated in this work. In addition to the optical absorption
features of Ag, we identify an absorption edge at about 320 nm
due to the sodalime substrate. As-grown samples exhibit the
typical spectra for Ag thin ﬁlms,42 while optical absorption
of annealed Ag ﬁlms depends on the morphological and
structural features of ﬁnal nanostructures. The main effect of
the annealing process is the decrease of the absorption coefﬁ-
cient in the whole spectral range. This drastic alteration is
due to the formation of holes during annealing, providing
pathways of light that cross without interacting with the Ag
nanostructures. Such an effect is larger as the annealing tem-
perature increases.
The typical absorption band of Ag NPs (i.e., LSPR) is
clearly observed for samples annealed with a discrete struc-
ture and whose characteristics depend on the temperature
during the annealing process and the initial ﬁlm thickness.
The LSPR band for sample A annealed at 300 °C is observed
at about 430 nm and shifted toward larger wavelengths with
respect to the expected position for metallic Ag NPs.22 These
shifts are induced by the presence of AgO with a larger
dielectric permittivity surrounding the Ag nanostructures.
Larger abundance of AgO prompts a larger shift of the LSPR
position43,44 in those samples with a discrete structure.
Concerning the intensity of the LSPR band, samples B and C
annealed at 500 °C exhibit the most intense resonance. This
effect is due to the larger presence of isolated and rounded
NPs with dimensions fairly smaller than the excitation wave-
length of SPs. For samples with larger initial ﬁlm thickness
(samples B and C) and annealed at lower temperature, a mag-
niﬁed view of spectra is necessary for revealing a weak and
wide absorption band due to the presence of Ag nanostruc-
tures exhibiting a wide distribution of morphologies.
All samples revealing LSPs exhibit a blue-shift and nar-
rowing of the absorption band as the annealing temperature
increases, which can be clearly seen in the inset of Fig. 7(a)
for sample A, and this is related to variations in the shape
and inter-particle distance.21,44,45 LSPR band is more similar
to that expected for isolated Ag NPs in the case of ﬁlms
annealed at higher temperatures (500 °C), where the distance
between particles is larger and they exhibit a more rounded
shape (see Fig. 1).
FIG. 6. Calculated ESPR spectra for Ag ﬁlms (ε1 =−18.295 and ε2 = 0.48085,
according to Johnson and Christy28 at λ = 633 nm) on glass substrate varying
ﬁlm thickness (5–80 nm).
FIG. 7. Optical absorption spectra for the Ag ﬁlms (a) A (13 nm), (b) B (32 nm), and (c) C (42 nm), as-grown and after annealing at different temperatures.
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Finally, besides the well-deﬁned stages where SPs with
localized and extended character can be excited, we notice a
point of crossing where both LSPs and ESPs may coexist,
similar to our previous work in Au ﬁlms.21 For as-grown
sample A, the clear plateau extended up to the NIR region in
the optical absorption spectrum and the increase in the inten-
sity of the ESPR curve designates that amazing region for the
plasmonic applications.
IV. CONCLUSIONS
Ag thin ﬁlms have been grown on sodalime glass sub-
strates and subsequently annealed in air at different tempera-
tures (300–500 °C). The thermal treatment promotes the
morphological modiﬁcation of the thin ﬁlms leading to a
nanostructured layer plus a partial oxidation of the Ag nano-
structures. The island size, shape, height, inter-island dis-
tance, and the oxidation level of Ag-AgO nanoparticles
depend on the initial ﬁlm thickness and annealing tempera-
ture. Optical response is quantitatively and qualitatively
altered by the morphological and structural modiﬁcations
induced by the annealing process of Ag ﬁlms, and the plas-
monic transitions have been presented. Thus, annealing of
Ag ﬁlms allows progressively tuning the optical properties
of Ag ﬁlms on glasses from ESPR to LSPR and their range
of applications.
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